Introduction
Interfacial reaction is an important phenomenon that can determine the rate of almost process issues in the ironmaking and steelmaking process, including pick up of impurities such as nitrogen from the atmosphere, erosion of the refractory, refining, and even nozzle clogging during continuous casting process. The typical interfacial reactions are greatly affected by surface active (surf active) elements such as oxygen and sulfur existing at the interfacial reaction sites. Recent work by Han et al. 1) indicated that oxygen contents as low as 10 ppm had inhibited adsorption of nitrogen into molten steel. Several researchers [2] [3] [4] have demonstrated that surface tension is significantly decreased with small amount of oxygen and thus increase the wettabiliy of molten Fe, the attachment of inclusions, and the likelihood of nozzle clogging. Although the bulk oxygen concentration can be significantly lowered by the high temperature physical chemistry reactions such as precipitation deoxidation, minute concentrations of oxygen at the interface may be important in view of interfacial phenomena. Therefore, there have been some efforts to determine the possibility of further deoxidizing molten metal by an electrochemical method using a solid electrolyte. [5] [6] [7] [8] [9] [10] Fischer et al. 5) was one of the first to use an Electro Motive Force (EMF) method to deoxidize steel melt through the electrochemical deoxidation using a solid electrolyte. Rapp et al. 6 ,7) applied this electrochemical deoxidation to an induction-stirred copper melt and achieved oxygen levels below 25 ppm. Iwase et al. 8) used a galvanic method for deoxidizing steel with a one-end closed Calcia Stabilized Zirconia (CSZ) tube immersed into the liquid steel at 1 823 K. Due to the open circuit nature of Iwase et al.'s experiment, the electrochemical deoxidation has been limited by lower electric conductivity. Pal et al. 9, 10) used a short circuit process for deoxidizing steel in order to increase the cell electric conductivity. The experimental limitations of the above mentioned electrochemical deoxidation processes involves deoxidation of the entire metal bath and concluded that the rate-controlling step was oxygen diffusion across the boundary layer when the bulk oxygen concentration of the melt is low. And although the diffusion boundary layer can be slightly affected to improve mass transfer by violent stirring, the impact is minimal.
Therefore, in the present study, direct control of the interfacial oxygen concentration by the electrochemical deoxidation method was observed.
Experimental
The electrochemical cell and the reaction steps are illustrated in Fig. 1 . The electrochemical deoxidation consists of 5 steps. [5] [6] [7] [8] [9] [10] ➀ Diffusion of soluble oxygen through the boundary layer from the bulk to molten Fe/ZrO 2 interface ➁ Electrode reaction at the molten Fe/ZrO 2 interface The control of the interfacial oxygen concentration in molten steel by an electrochemical method using ZrO 2 based solid electrolyte was suggested in this study. Oxygen ions were transferred through the solid electrolyte by varying the chemical potential difference and applying an external electric potential between the cathode and the anode. By applying an external electric potential, the oxygen concentration was controlled below 3 ppm at the molten Fe/ZrO 2 interface. The electrochemical reaction rate of oxygen removal was found to be faster than the estimated diffusion of oxygen through the boundary layer of molten steel. Thus, the slow diffusion of oxygen through the boundary layer creates a steady state oxygen concentration profile, where an oxygen depleted layer at the molten Fe/ZrO 2 interface is present. The oxygen concentration profile in the boundary layer was confirmed using the Glow Discharge Spectroscopy.
In this study, the oxygen concentration at the interface could be controlled using an electrochemical method of ZrO 2 based solid electrolyte and achieve a steady state at the interface within the liquid phase boundary layer.
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➂ Diffusion of oxygen ions through electrolyte ➃ Electrode reaction at the ZrO 2 /reference gas interface ➄ Diffusion of oxygen molecules into the bilk of reference gas The difference of soluble oxygen across the boundary layer and the transfer of oxygen ions across the solid electrolyte are represented by step ① and step ③ in Fig. 1 , respectively. The chemical potential of oxygen at the anode was controlled with P O 2 Ref using various CO 2 /CO ratios and the subsequent oxygen partial pressure at the interface, P O 2 Inter , was measured at the cathode. To increase the conductivity of electrons supplied from the anode to cathode, a short-circuit 9, 10) was applied. Schematic of experimental apparatus is shown in Fig. 2 . A high purity alumina crucible (ODϭ50 mm, IDϭ47 mm, and Hϭ70 mm) was charged with 0.08 kg of Ag (99.99 %) and 0.27 kg of Fe, the furnace was held at 1 823 K in a stream of ultra purified argon gas (99.9999 %) in a mullite reaction tube (ODϭ70 mm, IDϭ60 mm, and Hϭ1 000 mm). Excess moisture and oxygen in the argon gas were removed by passing the gas through a gas purification system of CaSO 4 and a column of magnesium chips heated to 753 K. The temperature of the reaction tube was controlled using a B-type thermocouple placed 2 mm beneath the crucible. This control thermocouple was calibrated with a reference thermocouple placed inside the hot zone of the reaction tube. A solid electrolyte crucible of Magnesia Stabilized Zirconia (MSZ, ZrO 2 ϩ15%MgO) was used (ODϭ13 mm, IDϭ10 mm, Hϭ50 mm). The electrochemical cell consisted of an anode/cathode electrode and a solid electrolyte. The anode was the Pt paste layer on the inner side surface of ZrO 2 based electrolyte and the cathode was the molten iron in contact with the ZrO 2 based electrolyte as shown in Fig. 2 . The ZrO 2 based electrolyte was cemented and fused at the tip of an alumina tube (ODϭ 10 mm, IDϭ7 mm, Hϭ1 000 mm) at 1 273 K. In order to supply the reference gas of CO 2 /CO into the solid electrolyte crucible, an inlet gas alumina lance was inserted within the solid electrolyte crucible (ODϭ5 mm, IDϭ2 mm, Hϭ1 000 mm) placed the outer alumina tube connected to the MSZ crucible. Using a mass flow controller (MFC), 150 cm 3 /min of CO/CO 2 reference gas was supplied into the solid electrolyte chamber. Excess moisture and CO 2 from the CO supply gas were removed by passing the gas through a column of CaSO 4 and soda lime.
Using a LECO ® N/O (TC-300) analyzer, the initial oxygen concentration of electrolytic iron was found to be 150 ppm. The equilibrium reaction of oxygen in molten iron is given below. 11) ... (1) From the equilibrium reaction and the initial oxygen content of 150 ppm at 1 823 K, the equilibrium partial pressure of oxygen in molten iron was calculated to be P O 2 Inter ϭ 2.1ϫ10 Ϫ11 atm. The lead wires of the electrochemical cell were platinum (99.9 %) and molybdenum wire (99.9 %). The anode Pt wire was attached to the solid electrolyte with a layer of Pt paste. However, the cathode Mo wire could not be directly immersed in the molten iron due to the high solubility of Mo in Fe at 1 823 K. Thus, an intermediate layer of silver was incorporated to act as a transport medium for electrons within the molten iron. The details of the experimental conditions are given in Table 1 .
Previous works on electrochemical cell reactions incorporated the methodologies of direct periodic melt samplings 8) or cell current measurements 9, 10) to detect melt oxygen concentration in the bulk. In the present study, the cell potential (E and P O 2 Inter are the partial pressures (atm) of oxygen in the reference gas and in the melt, respectively. The oxygen partial pressure in the reference gas was controlled by passing a defined CO 2 /CO gas volume ratio using the following reaction (3). 11) ... (3) The voltage between the two electrodes was measured using a Keithly 2 000 multi-meter at a 2 Hz interval and an external electric potential was applied using a Keithly 2 400 power supply.
The solid electrolyte crucible was immersed into the molten iron up to 20 mm below the topline of the melt 30 min after the reaction hot zone reached 1 823 K. The potential difference of the cell was then measured for 3 500 s. Following the measurement of the potential variation, the furnace was cooled down and the oxygen concentration in the bulk and its profile in the boundary layer of the sample were measured using the LECO ® N/O (TC-300) analyzer and the Glow Discharge Spectroscopy (LECO ® GDS 850A), respectively. The stability of the interface between molten Fe and ZrO 2 was analyzed using the Electro Probe Microscope Analyzer (EPMA, JEOL JXA8100).
Results and Discussion

Changes of the Interfacial Oxygen Concentration with Oxygen Partial Pressure under No External Electric Potential
The dependence of the interfacial oxygen concentration on the oxygen partial pressure is shown in Fig. 3 . The oxygen partial pressure at the anode is controlled by varying the CO 2 /CO ratio in the reference gas through the MSZ solid electrolyte crucible. Results show the change in oxygen concentration at the Fe melt/ZrO 2 interface. For experiments NEV-P8, NEV-P9, and NEV-P10, the oxygen ions are transferred from the reference gas to the Fe melt/ZrO 2 interface resulting in the increase of oxygen concentration at the interface. However for experiments NEV-P11 and NEV-P12, the oxygen ions are transferred from the Fe melt/ZrO 2 interface to the reference gas. This suggests that the movement of oxygen ions is closely related to the difference in oxygen potential of the electrochemical cell. A higher oxygen partial pressure at the anode directs the flow of oxygen ions towards the cathode and vice versa. The interfacial oxygen concentration changed rapidly within 1 500 s after the electrochemical cell was immersed into the Fe melt and converged to a constant value dependent on oxygen partial pressure of the reference gas.
This was not consistent with the results of Iwase et al., 8) where the change of oxygen concentration in Fe melt of the bulk with time was extremely slow even though the oxygen partial pressure of the reference gas was lower than the present investigation. The main reason for the slow rate in oxygen variation was likely due to the experimental procedure of sampling in the bulk of the melt and not at the interface or near the boundary layer. And since the bulk diffusion of oxygen ions is slow, measurement of the bulk oxygen concentration with time will result in very slow changes in oxygen concentration. The results in present study indicate, a higher rate of oxygen concentration change at the Fe melt/ZrO 2 interface by the cell potential (E cell ). Since the oxygen partial pressure in the reference gas was kept constant by a continuous constant flow of fixed CO 2 /CO gas mixture, the decrease in cell potential could be correlated with the change of oxygen partial pressure at Fe melt/ZrO 2 interface.
As demonstrated in past studies, [5] [6] [7] [8] [9] [10] the soluble oxygen diffusion across the boundary layer was the rate limiting step of the electrochemical deoxidation at low oxygen concentrations. As a result, the overall deoxidation rate of the bulk was slow and minimal approximately 2.2ϫ10 Ϫ6 wt%/s. 7) Similar results with bulk oxygen concentration were also verified in this study, but detailed observation at the interface revealed a more significant impact on the variation of the oxygen concentration. Furthermore, the control of oxygen partial pressure using CO/CO 2 gas (P Fig. 4 , the driving force of oxygen ion transfer is related to the initial difference of the oxygen potential between the anode and the cathode. With time, the oxygen concentration of the interface reaches a steady state and thus the driving force becomes smaller and the reaction rate slower.
In Fig. 5 , the rate of oxygen ion transfer through the solid electrolyte and the rate of soluble oxygen diffusion through the boundary layer as a function of the interfacial oxygen concentration. These rates can be deduced from previous work by Iwase et al., 8) and the experimental data obtained in this study. Iwase et al. 8) demonstrated that the rate of oxygen removal by an electrochemical reaction and the rate of oxygen supply to the interface by diffusion can be expressed by the following, (4) where s ion is the ionic conductivity of solid electrolyte (W Ϫ1 cm
Ϫ1
), Ā is the mean area (cm 2 ), L is the thickness of solid electrolyte (cm), P q is the oxygen partial pressure at which the ionic conductivity is equal to the n-type electronic conductivity. More details of P q has been provided by Iwase et al. 8) in the expression for the transfer number of ions (t ion ). According to Iwase's work transfer number of ions was expected above 0.95 at the minimum P O 2 ϭ7.6ϫ10
Ϫ12 atm for the present study. At the condition of higher P O 2 ϭ2.7ϫ 10 Ϫ8 atm, t ion was to be closed to approximately unity thus the solid electrolyte could be regarded as an ionic conductor. Furthermore, the present work incorporated a short-circuit in the electrochemical cell using an external lead wire. And the oxygen transfer did not depend on the residual electronic conductivity in the stabilized zirconia solid electrolyte 9, 10) which was previously explained. Therefore, in this study, the t ion of the cell was to be closed unity and the addition of the external short-circuit should allow the current cell to behaves as a perfect ionic conductor and Eq. (4) could be modified with Eqs. (1) and (2) and other terms in Eq. (6) are fixed value at each experimental conditions in present study. A decrease in the cell potential results in a lower rate of oxygen ion transfer. The rate of soluble oxygen transfer through a boundary layer (k Diff , mol/s) was defined by Eq. (7).
......... (7) where a O Fe is the mass transfer coefficient ((1.6Ϯ0.4)ϫ10
Ϫ4
cm/s), 8) r is the density of melt (g/cm 3 ), [%O] b is the oxygen concentration in bulk (wt%). In Eq. (7), the driving force of soluble oxygen diffusion from the bulk molten Fe is the difference in oxygen concentration between the bulk and the interface. And since the soluble bulk oxygen is constant, the driving force for the diffusion across the boundary layer is dependent on the soluble oxygen concentration at the interface.
In Fig. 5 , the solid bold line is the diffusive rate of soluble oxygen transfer through the boundary layer as a function of [%O] i according to Eq. (7). Other lines are the calculated rate of oxygen ion transfer according to Eq. (6) at different oxygen partial pressures in the reference gas. The intersections between the solid bold line and the other lines are marked with a solid square symbol. This intersection symbolizes the oxygen concentration balance between the rate of soluble oxygen diffusion and the rate of oxygen ion transfer and the subsequent attainment of steady state.
Comparison of the oxygen concentration of the intersection agrees well with experimental measurements at steady state in the previous Fig. 3 and is given in Table 2 .
Dependence of Oxygen Concentration at the In-
terface on the External Electric Potential There are two driving forces for electrochemical reactions using a solid electrolyte. One deals with chemical potential through the control of oxygen partial pressure as previously described and the other deals with an external electric potential which will be discussed in the following section. Similar to Fisher et al., 5) a direct current (DC) electric potential was applied as shown in Fig. 2 . The effect of an applied electric potential on the oxygen concentration at the interface is shown in Fig. 6 . This oxygen concentration could be deduced from a modified Nernst equation given below 8) ............ (8) where E ex is an external electric potential (V), I ion is the ionic current (A), and R ion is the ionic resistance (W) in the electrochemical cell.
The external electric potential was applied at t 0 in Fig. 6 . The applied voltage at each of the five regions is given in Table 3 . When the external electric potential of 0.30 V is applied in Region II, the oxygen concentration at the Fe melt/ZrO 2 interface changed from 1 410 ppm (the steady state oxygen concentration equilibrated with P O 2 Ref ϭ3.0ϫ 10 Ϫ9 atm) to 11 ppm within 0.5 s and maintained at 11 ppm. An increase of the external voltage to 0.36 V further drops the oxygen concentration to approximately 6 ppm and maintained at 6 ppm until the next change in applied voltage. The results indicate that the change in oxygen concentration at the interface is rapid unlike the slow response of the bulk measurements carried out by the sampling on periodically 8) or by the calculation of the oxygen flux from the cell current. 9, 10) Thus, although the control of the bulk oxygen concentration is difficult, the control of the interface oxygen concentration is likely to be possible. Further stepwise changes in the applied external potential resulted in a stepwise decrease of oxygen concentration at the Fe melt/ZrO 2 interface until a critical value of C O cr Յ3 ppm. This critical oxygen content will be discussed in detail later.
The dependence of the oxygen partial pressure at the interface as a function of external EMF is shown in Fig. 7 . The slopes of the individual experiments indicate a slope of approximately Ϫ11.05. This is consistent with the slope calculated from the modified Nernst equation, Eq. (8). In addition, each individual experiment conducted with a constant electric potential showed varying degrees in the critical cell potential, but the critical oxygen concentration were identical. 
The Oxygen Depleted Layer at the Fe Melt/ZrO 2
Interface and the Oxygen Profile Layer of the Boundary Layer In Fig. 6 and Fig. 7 , a critical oxygen content was observed when an external electric potential for 0.3 to 0.58 V was applied. Fischer et al. 5) showed the external voltage needed for decomposition of ZrO 2 at 1 873 K was 7.5 V.
Since the maximum applied electric potential for this study was 0.58 V, it was much lower than the 7.5 V limit and was expected to have negligible effects on the breakdown of the solid electrolyte. Visual observations of the interface using the Electron Probe Microscopic Analyzer (EPMA) also confirmed the stability of the interface. Results of the line scanning EPMA is shown in Fig. 8 . No zirconium was detected in the Fe melt and no blackening phenomena 13) was observed in the ZrO 2 .
The exact reason for the above-mentioned critical value of the oxygen concentration at the interface was not clearly understood yet. But the depletion of the reactant at the interface may play a role in determining this critical oxygen content. Once an external electric potential was supplied, differences in the k Ion and k Diff occurred, which accelerated the transfer of oxygen ions. Thus, the oxygen concentration at the interface was rapidly reduced, but will not drop beyond the critical oxygen content due to the depletion of oxygen.
The oxygen concentration profile in the boundary layer with respect to the distance from the interface is shown in The interfacial oxygen concentration was approximately below 3.0 ppm, the oxygen concentration in the bulk was set at 150 ppm, t was set to 60 s (setting time for cooling in the furnace from 1 823 to 1 773 K), the diffusion coefficient D was Dϭ1.56ϫ10 Ϫ1 cm, 17) and the thickness of the boundary layer was 400 mm based on the GDS analysis.
The results of the GDS analysis are in good correspondence with the error function solution of the Fick's 2nd law. This seems to support the assumption of deficiency in oxygen reactants as the limiting factor for achieving a critical oxygen concentration at the interface although higher external electric potential applying.
Furthermore, The Tafel relationship 15) can be used to identify the mass transfer limitation to the electrode kinetics when an external potential is supplied. As it is well known, the Tafel plot shows the rate determining step of oxygen diffusion and its effect on the electrochemical deox- (13) where h is the over potential (V), i o is the exchange current density (A/cm 2 ), i is the current density (A/cm 2 ), and a is the transfer coefficient. A typical result of Tafel plot for experimental data of present study was shown in Fig. 10 . In the Tafel region from 0.18 to 0.32 V, the current density increased linearly with the over potential. This suggests that a reversible reaction occurs without mass transfer. However, above 0.32 V external electric potential the slope of the Tafel plot become non-linear, which suggests the start point of a mass transfer limited current. 12) Further increases in the over potential will result in a limit to the current density, which implies that above a certain external potential the rate of deoxidation will converge to a critical value reached at 0.52 V in present study. Therefore, it seems reasonable that a critical oxygen concentration exists at the interface and higher values in external potential will have limited effect.
In another perspective, due to the change in the concentration of surfactive oxygen at the interface, the interfacial tension may have been significantly modified with the electrochemical deoxidation. According to Jimbo et al., 2) the surface tension of molten steel varies with small amount of oxygen at 1 823 K and can be expressed as Eq. (14) (14) where s is the surface tension and a O is the activity of oxygen in molten steel. In present study, the interfacial tension of molten steel seems to be 1 318 mN/m before the electrochemical deoxidation which was calculated value from Eq. (14) with an initial oxygen concentration of 150 ppm. After electrochemical deoxidation, it could be increased to 1 879 mN/m with decreasing oxygen concentration at the interface to approximately 2.2 ppm according to Eq. (14) . Thus, the electrochemical deoxidation at the interface can be used to control the interfacial tension of molten Fe. Furthermore, Shibata et al. 16) demonstrated that the engulfment of an inclusion into an advancing solid/liquid interface during solidification is determined by a force balance. Two of these forces correspond to the interfacial tension of molten steel with solid inclusion. It can thus be inferred that inclusions move due to the existence of a gradient in interface tension and the direction of movement is toward the lower value. As a result of the present study, the interfacial tension can be increased when an external electric potential is applied to deoxidize the interface as mentioned above. Therefore, a high interfacial tension layer at the interface may inhibit inclusion attachment onto the interface between molten steel and a refractory.
Summary
In this study, the oxygen concentration at the interface could be controlled using an electrochemical potential method. The interfacial oxygen concentration could be controlled with variations in the oxygen partial pressure difference within the electrochemical cell. The transfer of oxygen ions through the solid electrolyte was spontaneous and reversible. Using an external EMF, the local interfacial oxygen concentration could be controlled below 3 ppm. This critical oxygen concentration was related to the local depletion of soluble oxygen at the interface and visually confirmed using GDS. 
